Lung-Resident Mesenchymal Stromal Cells Reveal Transcriptional Dynamics of Lung Development in Preterm Infants
To the Editor:
Bronchopulmonary dysplasia (BPD) is the most common long-term pulmonary complication associated with extreme preterm birth (1) . BPD is a complex lung injury syndrome caused by a combination of prenatal and postnatal insults associated with prematurity that result in altered lung development (2) . A major challenge to development of adequate prevention and treatment strategies is limited understanding of BPD endotypes, which are subtypes with distinct pathobiological mechanisms (1) . Moreover, characterization of the molecular landscape of late-stage human lung development and how it is affected by premature birth remains incomplete, in part owing to limited availability of human tissue samples.
To address these limitations, we explored the potential of tracheal aspirate-derived mesenchymal stromal cells (MSCs) to reflect the molecular landscape of the preterm lung. Earlier reports have demonstrated that these cells are lung-resident stromal cells and can be expanded in culture (3) . We applied weighted gene coexpression network analysis (WGCNA) to explore the highly dimensional gene expression space of premature tracheal aspirate-derived MSC lines (4) . The gene regulatory network analysis revealed gene modules that correlated with the corrected gestational age (CGA) at MSC collection and the severity of BPD, suggesting that tracheal aspirate-derived MSC transcriptomes retain transcriptional dynamics of the preterm lung. Some of the results of this study were previously reported in the form of an abstract (5).
Methods
Twenty MSC lines were derived from tracheal aspirates collected during routine endotracheal suctioning of 19 intubated newborns born between 23 and 42 weeks as previously described (3) . Tracheal aspirates were collected in 1 ml of normal saline and stored at 4 8 C for no longer than 12 hours. Cells were isolated from the tracheal aspirate and plated on untreated tissue culture plastic in regular Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 1% glutamine, and 1% antibiotics. After 2-4 weeks, when the cellular outgrowth reached 80% confluency, the cells were trypsinized and purified using fluorescence-activated cell sorting with an MSC phenotyping kit, which selects for cells expressing CD73, CD90, and CD105 and excludes cells expressing CD14, CD20, CD34, and CD45 (130-095-198; Miltenyi Biotec). All MSC lines have a doubling time of approximately 24 hours and, when tested, differentiated into osteoblasts, adipocytes, and chondroblasts, regardless of the CGA at collection (A1007201, A1041001, and A1007101, respectively; Thermo Fisher Scientific). BPD severity was defined as previously reported (6) . Respiratory support and oxygen dependence at 36 weeks postmaturational age were determined by chart review; an oxygen reduction test was not performed. MSC line transcriptome sequencing on three (in a few cases, two) technical replicates (global r = 0.97) was performed at passages 6-13 using the HiSeq 2500 system (Illumina) for single-end 50-bp read (mean read depth, 44 3 10 6 ; mean mapping rate, 96%). Gene expression data were preprocessed to include genes with over 0.5 count per million in at least two replicates. WGCNA analysis was then performed on log-transformed transcripts per million values after batch correction with the Bioconductor sva package (version 3.22.0) because these data originated from different batches (7).
Results and Discussion
We selected 20 tracheal aspirate-derived MSC lines to reflect a spectrum of gestational maturity and BPD. We defined intrauterine development MSCs (n = 14) as those lines generated from samples collected in the same canonical stage of lung development in which the patient was born: canalicular (22-26 wk GA) (n = 4), saccular (26 wk and 1 d to 36 wk GA) (n = 6), or alveolar (36 wk and 1 d to 42 wk GA) (n = 4). MSC lines generated from samples collected in a subsequent lung development stage from the stage at birth were defined as extrauterine development MSCs (n = 6). Ten MSC lines collected at or before 32 weeks CGA were obtained from patients with BPD (any degree). Although MSCs are ubiquitous in human tissues, the transcriptomic signature of MSCs varies as a function of their anatomic source (8) . Principal component analysis of wholegenome transcriptomes revealed cosegregation of the tracheal aspirate-derived MSC lines with two human lung fibroblast cell lines (IMR90, CCD34) and no clustering with a dermal fibroblast cell line (BJ1), thus suggesting their lung tissue specificity.
To study the complex relationships between the MSC transcriptome and various clinical variables, we applied WGCNA analysis to the 20 RNA-sequencing profiles. WGCNA relies on the assumption that strongly correlated expression levels of a group of genes (modules) indicate that those genes may work cooperatively in related pathways and could contribute to a specific Because the extrauterine MSCs reflect an extrauterine lung developmental stage transition, the GA module gene expression profiles are displayed in two separate heat maps for intrauterine and extrauterine development MSC lines, respectively (Figure 1 ). Visual representation of the expression level of GA module member genes in intrauterine development MSCs suggested transitions in gene expression that correlated with known histologic transitions of lung development ( Figure 1 , left heat map). The first transition occurred between the canalicular and saccular stages, and another marked the transition of the saccular stage to the alveolar. Interestingly, a transition was also seen within the saccular stage, at around 32 weeks. The presence of novel molecular substages within the human pseudoglandular stage has previously been reported (9) . In this letter, we report the possible presence of early (26 wk and 1 d to 32 wk) and late (32 wk and 1 d to 36 wk) molecular substages during the saccular stage.
In contrast to intrauterine development MSCs, extrauterine development MSCs presented a high degree of heterogeneity of gene expression within GA modules (Figure 1, right heat map) , likely reflecting the heterogeneous clinical course over a significantly higher number of MV days (P , 0.01) between intrauterine (4.3 6 4.2 d) and extrauterine development (13.5 6 3.7 d) MSCs. This finding would be consistent with the notion that GA module gene expression reflects the development trajectory of MSCs, which is likely to be disrupted in the extrauterine environment. Within the GA module, gene ontology (GO) processes relevant for lung development were enriched: regulation of animal organ formation (GO:0003156; P = 4. surface receptor signaling pathway (GO:0007166; P = 1.99 310 25 ), and response to transforming growth factor-b (GO:0071559; P = 1.09 310 24 ). A protein-protein interaction analysis (STRING database) identified developmental stage-specific signaling pathways (e.g., transforming growth factor-b, fibroblast growth factor, and Wnt/b-catenin) and transcription factors (e.g., Foxf2 [forkhead box F2], Twist2 [Twist family BHLH transcription factor 2]) (10, 11) .
The BPD module demonstrated a clear correlation of the MSC transcriptome with BPD clinical severity, as displayed in the heat map of the top 100 BPD module genes for lines collected from newborns born at 32 weeks GA or less (Figure 2) . Interestingly, there was noticeable heterogeneity, particularly among MSCs from patients with moderate BPD. For example, extrauterine saccular (ex-S) MSC lines ex-S1 and ex-S2 were derived from two siblings of a triplet gestation and have very different expression profiles. We suspect that this finding reflects patient heterogeneity not captured by the clinical definition of BPD and could be a future strategy for identifying BPD endotypes. Within the BPD module, the most significantly enriched GO term was extracellular matrix organization (GO:0030198; P = 9.26 310 26 ), and STRING analysis identified a strong enrichment of various extracellular matrix
Raw Z-score (12) . One limitation of this study is that our cohort, though representing a large spectrum of gestational maturity, is relatively small. Nonetheless, the transcriptomes of tracheal aspirate-derived MSCs show a clear association with late-stage human lung development and the severity of BPD. The translational potentials of our findings are important because tracheal aspirate-derived MSCs represent a novel ex vivo system to study the premature human lung. Further studies are necessary to investigate the predictive potential of the MSC molecular landscape and to validate it as a biomarker for BPD. n
No Benefit of Diaphragm Pacing in Upper Motor Neuron-Dominant Forms of Amyotrophic Lateral Sclerosis
Diaphragm pacing is a validated technique to liberate patients with high cervical spinal cord lesions or central hypoventilation from mechanical ventilation (1). It requires functional phrenic spinal motor neurons to be effective. Amyotrophic lateral sclerosis (ALS) is a motor neuron degenerative disorder of unknown origin that results in muscle weakness and leads to chronic respiratory failure and death. ALS involves both the degeneration of lower motor neurons (LMNs) and that of upper motor neurons (UMNs), but the spatial and temporal patterns of the degeneration are variable among patients. Diaphragm pacing has been proposed in ALS to delay the institution of noninvasive ventilation (2) or as an adjunct
